Three-dimensional plasmonic gold tapers have stimulated broad interest in nano-optics due to their capability of focusing light at the subwavelength regime, in a coherent, broadband, and controllable scheme.^[@ref1],[@ref2]^ This kind of structure is often implemented in near-field microscopes as a nanoantenna for enhancing and collecting detectable signals^[@ref3]−[@ref5]^ or in point-projection electron microscopes for providing ultrafast photoelectron emission.^[@ref6]−[@ref12]^ Basically, the optically induced polarization of the nanostructures can be efficiently coupled to the fundamental plasmonic modes of the gold tapers and propagate along their shafts and/or radiate toward the detector. Such coupling effects are mediated by plasmons localized at the sharp apexes of these gold tapers. Thus, surface plasmons are bound to the taper shafts that essentially enable the nanofocusing of electromagnetic fields. In such azimuthally symmetric structures, there are different azimuthal orders of the sustained surface plasmons.^[@ref13],[@ref14]^ Their behaviors are sensitive to the local radii of tapers.^[@ref15],[@ref16]^ The fundamental mode with mode order *m* = 0 has a rotationally symmetric electric field. It bonds evanescently to the surface at both larger and smaller local radii and can be eventually focused to the taper apex, ideally, for arbitrarily sharp pointed tapers, in an adiabatic nonradiating scheme.^[@ref17],[@ref18]^ For realistic taper geometries, both radiation and reflection of *m* = 0 at the apex, however, have been observed.^[@ref6],[@ref19]^ In contrast, other plasmon modes with higher azimuthal orders (\|*m\|* \> 0) are supposed to be excited and propagate evanescently only above specific critical radii.^[@ref13],[@ref16]^ They radiate off the taper at a finite distance from the apex.^[@ref20]^ With such diverse behaviors of the sustained surface plasmons on plasmonic tapers, one can readily recognize the complexity of quantifying the coupling efficiency of the excitation of each individual surface plasmon mode, which are eventually reflected from apexes, coupled to the far-field, or damped as internal losses in the system. Moreover, the performance could be mutually affected by a few variables, e.g., excitation scheme,^[@ref21]^ opening angles of tapers,^[@ref22]^ the curvature at the very apex of these tips,^[@ref15]^ and surface quality.

Two nano-optical characterization techniques, electron energy-loss spectroscopy (EELS) and cathodoluminescence spectroscopy (CL), in scanning transmission electron microscopy (STEM) provide access to the local optical response of objects at the nanometer scale^[@ref23]−[@ref26]^ and hence offer a possibility to answer the above-mentioned questions. In both techniques, fast electrons are used as a probe, which can easily excite surface plasmons via their evanescent electromagnetic field by matching momentum and energy. While EELS maps the photonic local density of states through a primary excitation process, CL probes the radiative damping during the relaxation procedure.^[@ref23],[@ref27]−[@ref29]^ Furthermore, their contrasting juxtaposition presents nonradiative losses, e.g., heating and inter/intraband transitions. The combined study using both EELS and CL on identical objects has demonstrated interesting physical insights into the investigated nano-objects.^[@ref30]−[@ref33]^

For gold tapers, EELS has been applied to investigate the supported plasmonic modes in details as well as their interaction mechanism with fast electrons.^[@ref13],[@ref19]^ It has been noticed that the opening angle of tapers plays a huge role in manipulating the formation of the supported surface plasmons (\|*m\|* \> 0) and the field enhancement at apexes.^[@ref22],[@ref34]^

In the present study, we employed CL to investigate the influence of the opening angle on optical far-field radiation from the proximity of the gold taper apex as a complement to our previous EELS investigations.^[@ref13]^ Two tapers with different opening angles (13° and 47°) were surveyed. A diverse radiating behavior is observed between these two tapers at their apexes. Corresponding finite-difference time-domain (FDTD) numerical simulations reveal the underlying reason for this experimental observation: the excited surface plasmons are either guided away from the apex along the taper or couple to the far-field radiation depending on the tapers' opening angle.

Results and Discussion {#sec2}
======================

The surface-plasmon-induced radiation of plasmonic tapers is schematically illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. It can be generally catalogued as the radiation from the *m* = 0 mode and higher order modes (\|*m\|* \> 0). In more detail, the wave function of the taper's optical modes (which are assigned to the electric and magnetic vector potentials^[@ref13]^), in analogy to optical modes in fibers, might be constructed as , where (*x*, *y*) = ρ(cos(ϕ), sin(ϕ)) and *z* is along the rotational axis of the taper. α~*m*~ is the amplitude function for each order *m*. *B*~*m*~ = *J*~*m*~ is the Bessel function of order *m*, for fields inside the fiber (domain 1), and *B*~*m*~ = *H*~*m*~^(1)^ is the Hankel function of first kind and order *m*, for fields outside the taper (domain 2, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Moreover, for the domains 1 and 2, (*k*~ρ~^1^)^2^ + *k*~*z*~^2^ = ε~*r*~*k*~0~^2^ and (*k*~ρ~^2^)^2^ + *k*~*z*~^2^ = *k*~0~^2^, respectively, where *k*~0~ is the wavenumber of light in free space. The fundamental mode of a metallic conical taper is then understood as the rotationally symmetric mode with *m* = 0 and with the only nonzero field components given by *E*~ρ~, *E*~*z*~, and *H*~ϕ~. As mentioned, plasmonic gold tapers act as mode filters such that only the *m* = 0 mode can propagate until the geometric singularity of the apex. It then partially radiates, with a radiation pattern similar to that of a dipole orientated along the taper axis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref3],[@ref35]^ Meanwhile, the modes with \|*m\|* \> 0 mainly radiate in transverse directions, e.g., the *xy* plane (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b00838/suppl_file/ph9b00838_si_001.pdf) in the Supporting Information). Therefore, the luminescence caused by surface-plasmon decay is generally suppressed in the *z*-direction, i.e., along the taper axis. For these reasons we have carefully positioned the taper parallel to the mirror axis, in order to detect the radiation from the apex as well as higher order modes. In CL experiments, a focused electron beam raster scans a region of interest in the specimen covering *N* × *M* pixels in the *yz* plane. At each pixel, the emitted photons from the entire structure impinging on the parabolic CL mirror are directed toward an external spectrometer to generate a spectrum, plotting the signal intensity as a function of emitted wavelength ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Geometrically speaking, the radiation in the −*x*, +*y*, −*y*, and +*z* directions for the *x* ≤ 0 domain can be well detected with the experimental setup, which assembles a great portion of the radiation from surface plasmons in the investigated structure. At the end of the scan, a three-dimensional data set of hyperspectral images is obtained. Different representations of this data set may be chosen to display the information contained in this data set. For example, at specific wavelengths, two-dimensional monochromatic photon maps can be selectively visualized to reveal the spatial distribution of the detected radiation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), or a series of spectra can be extracted along the taper shafts for studying the influence of local variables on the spectral features ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).

![(a) Schematic illustration of surface-plasmon radiative decay in gold tapers. Red curves indicate the propagation of SPPs in forward, backward, and azimuthal directions. Blue lines depict the light emission due to the radiative decay of SPPs. (b) Sketches for the collection of a CL spectrum using a parabolic mirror. The taper is oriented along the optical axis of the mirror. A high-angle annular dark-field image of an investigated gold taper is inserted below. (c) Two-dimensional photon maps at selected wavelengths in CL experiments of an investigated taper. The scale bars in (b) and (c) are 100 nm. (d) Representative CL spectra recorded at different positions on the taper, marked by colored boxes in (b).](ph9b00838_0001){#fig1}

With the above knowledge, we first analyze the results for a taper with an opening angle of 13°. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the experimental CL intensity as a function of the emitted wavelength and the distance from the apex along the shaft. As the tip has a constant angle and is mounted with its taper axis pointing along the optical axis of the parabolic mirror, the distance from the apex corresponds to a well-defined local radius of the taper, also shown as an extra axis on [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In the proximity of the taper apex, there is only a very faint radiation detected at the wavelengths spanning from 700 to 1000 nm. Further away from the apex, a strong emission in the wavelength range of 500--700 nm rises up. Moreover, this radiation is red-shifted when the impact distance increases from 300 nm to 800 nm approximately and then becomes attenuated at larger distances. It is hard to distinguish different mechanisms of radiation directly from the recorded spectra, since there are no significant differences in the spectral responses.

![(a) Experimental and (b) simulated CL spectra of a taper with a 13° opening angle against the distance from the apex along its shaft (left) and the local radius (right). The inset on the upper left indicates the scanning direction of the electron beam with respect to the taper. (c) Ratio of the energy guided in the −*z* direction to the total energy collected along all orthogonal directions, taken from the simulations in (b).](ph9b00838_0002){#fig2}

The corresponding simulated CL spectra are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. These spectra were obtained by integrating the Poynting vectors of the electron-induced radiation, obtained by numerically solving the full Maxwell's equations, across planes normal to the −*x*, +*y*, −*y*, and +*z* directions in the *x* ≤ 0 half-space (for details see the [Methods](#sec4){ref-type="other"} section).

No significant radiation at the apex and a major radiation with maxima around 500--700 nm along the shaft demonstrate a high similarity to the experimental CL spectra, although we notice that the major radiation appears around 800 nm away from the apex, showing a distance discrepancy compared to the experimental value. This might be due to the real geometry of the taper, which differs slightly from the ideal mathematical conical shape considered in the simulations. In addition, it may be partly accounted for by the unequal and direction-dependent reflectance of the CL mirror, which has not been considered in the simulations. The good agreement between the experimental and simulated CL spectra implies that in general far-field interference effects caused by coherent radiation from individual transverse electric and transverse magnetic modes are the prime phenomena for the gold tapers' cathodoluminescence. Nevertheless, further simulations also confirm that the radiative decay due to inter/intra-band transitions has negligible contributions to the luminescence of the gold taper (see [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b00838/suppl_file/ph9b00838_si_001.pdf) in the Supporting Information).

At first sight, one may intuitively expect the taper apex as a dominant nanoconfined source of far-field radiation.^[@ref36]−[@ref39]^ However, in a reciprocal picture to adiabatic nanofocusing in plasmonic tapers, the *m* = 0 mode is exclusively excited at the apex and is able to propagate evanescently away from apexes along the shaft. Therefore, we computed the power being guided away from apex along the shaft at a distance of 5 μm, which was represented by the −*z* component of the Poynting vector based on the above-mentioned numerical simulations. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows the reflected power normalized to the summation of powers radiated along all six orthogonal directions as a function of distance and local radius. Very interestingly, the plot shows that as much as 75% of the electron-induced energy is guided along the *z* direction within a distance of 400 nm from the apex (corresponding to local radii below 50 nm). Exactly in this radius regime, the highly guided *m* = 0 mode is mainly excited.^[@ref13]^ The above results clearly show that the back-propagation of the excited surface plasmons is attributed to the weak radiation from the taper apex.

In addition, the two maxima of the guided power below a radius of 50 nm correspond to the excitation of the *m* = 0 mode at the apex and the location for forming the first-order resonance due to the constructive interference between the forward propagating *m* = 0 mode and its reflection from the apex ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Interferences between the forward propagating *m* = 0 and its reflection from the apex may give rise to distance-dependent intensity variations in the CL spectra,^[@ref19]^ which are more clearly seen in EELS spectra of tapers with smaller opening angles.^[@ref34]^ The major radiation between 500 and 700 nm behind the apex is mainly due to the radiation decay of the *m* = 1 mode, as discussed in [Supplementary Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b00838/suppl_file/ph9b00838_si_001.pdf). In addition to the taper with a small opening angle, we also performed CL experiments on a taper with a larger opening angle of 47°. The measured CL spectra along the taper shaft are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. Now, strong radiation at the apex of the taper with a 47° opening angle is clearly observed in the range of 600 to 800 nm, in stark contrast to that for the 13° taper's spectra (indicated by the red arrow in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). When moving away from the apex, predominant light emission in the spectral range between 540 and 800 nm is detected, which is similar to the spectra of the 13° taper. In the simulated CL spectra, both the clear radiation at the apex and the dominant emission along the shaft are present, displaying a very good agreement with the experimental results ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![(a) Experimental and (b) simulated CL spectra of a gold taper with 47° opening angle as a function of distance from the apex along the shaft. The inset on the left indicates the scanning direction of the electron beam with respect to the taper. Red arrows indicate the broad emission at the apex. (c) Ratio of the energy guided in the −*z* direction to the total energy collected along all orthogonal directions.](ph9b00838_0003){#fig3}

Furthermore, the guided power along the −*z* direction is generally much weaker for the 47° taper shaft, except for the region close to the very apex of the tip ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). This significant difference from the 13° taper is most likely due to the drastic change of the local radius, which is 3.5 times larger than the 13° taper. Therefore, adiabatic conditions for mode propagation toward the −*z* direction mostly fail, leading to a strong coupling to the radiation of the excited mode at the taper apex. Similar to the major radiation in the 13° taper, the dominant emission along the 47° taper shaft mainly occurs by the decay of the modes *\|m\|* ≥ 1.

As obviously seen from the CL spectra, the most intense radiation is not exactly emitted from the very apexes of both tapers. We have integrated the intensity of the experimental CL spectra from wavelength 540 to 900 nm along each taper shaft to find out where the maximum radiation is collected ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The corresponding maximum for the 13° taper appears at around 500 nm behind the apex along the shaft (black arrow in the blue spectrum) and for the 47° taper at around a distance of 300 nm from the apex (black arrow in the red spectrum). In this regime the excitation of higher order plasmonic modes with *m* ≥ 2 is weak since these modes are not bound to the surface.^[@ref16]^ Due to its strong field confinement, the bound *m* = 0 mode can only be excited by focusing the electron beam to the apex region of the taper and thus also does not contribute significantly to the strong radiation that is seen when exciting away from the apex. Therefore, we correlated these radiation maxima mainly with the radiative decay of the *m* = 1 mode. Since the *m* = 1 mode is transformed from a bound, evanescent mode into a radiative mode near a critical radius of ∼100 nm, most of the radiation that is detected in our experiments is emitted at a finite distance from the apex. Complementary to the previous study,^[@ref39]^ the data present experimental evidence for the existence of a critical radius at which the higher order modes of tapers contribute to the radiation,^[@ref16]^ thanks to the high spatial resolution of the STEM--CL experiments and the localized fast electron excitation. Our analysis shows that the CL results are mainly sensitive to the radiative losses of the different angular momentum modes of the conical taper, implying that ohmic losses are too weak to significantly affect the results.

![CL intensity integrated from 540 to 900 nm for tapers with 13° (blue) and 47° (red) opening angles plotted as a function of the distance from the apex along the shafts and the local taper radius, respectively. The black arrows highlight the locations with the highest CL intensity along the taper shafts.](ph9b00838_0004){#fig4}

Conclusions {#sec3}
===========

We experimentally studied the far-field radiation of three-dimensional plasmonic gold tapers with opening angles of 13° and 47° in proximity of their apexes by means of CL. Fast electrons launched a wave packet of surface plasmons around the shafts, and the sequential radiation decay of the plasmons was detected. The far-field radiation spectra of both tapers demonstrated a significant radiation between 500 and 700 nm due to the decay of higher order plasmonic modes (\|*m\|* ≥ 1) when the electrons excited the area behind the taper apex. This feature is independent of the opening angle. In contrast, the radiation directly coming from the very proximity of taper apexes is different: the 13° taper has a remarkably weaker radiation from the apex compared to the 47° taper. Numerical calculations showed that, on the taper with the smaller opening angle of 13°, up to 75% of the electron-induced power was guided away from the apex along the shaft, rather than being coupled to the far-field radiation. For the 47° taper, adiabatic nanofocusing (and hence its reciprocal picture) fails and consequently leads to stronger radiation of the plasmonic modes at the apex. In addition, numerical results were computed by solving Maxwell's equations. The good agreement with the experimental results implies that the observed radiation phenomena of plasmonic tapers can be well understood as coherent radiation of higher order surface plasmon modes of the tapers. These results enrich the understanding and applications of plasmonic tapers as nanoscale light sources or absorbers in the field of enhanced Raman spectroscopy, scanning near-field optical microscopy, and biomolecule diagnostics.

Methods {#sec4}
=======

Three-Dimensional Gold Tapers {#sec4.1}
-----------------------------

Polycrystalline gold wires with a diameter of 125 μm were first annealed at 800 °C for 8 h and then slowly cooled to room temperature. These annealed wires were then electrochemically etched in hydrochloric acid with voltage pulses applied.

The length of the taper is around 50 μm.^[@ref35]^ The gold tapers were mounted onto TEM copper rings with conductive epoxy with the tips freestanding at the center of the ring. Plasma cleaning was applied beforehand to remove any contaminants from the taper surface.

CL Measurements {#sec4.2}
---------------

The experiments were performed using a Vacuum Generator HB501 scanning transmission electron microscope equipped with a cold field emission electron gun. CL measurements were carried out with an Attolight Mönch system at an operation voltage of 100 kV. The electron probe had a current of around 1 nA and a size of a few nanometers. The solid detection angle is 1.2π sr. The pixel size was around 20 × 20 nm, and the dwell time per pixel was 50 ms.

Data Processing {#sec4.3}
---------------

The wavelengths and intensities of the acquired CL spectra were calibrated, and intensity spikes were removed. Principle component analysis (PCA) was then applied to reduce the noise of the spectra in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"}. The analysis was performed with the open source Python library HyperSpy V0.8.1.^[@ref40]^ The spectral response of the CL spectrometer at different wavelengths was sequentially corrected. Finally, the background noise was subtracted from the spectra by taking the reference from the vacuum area. The experimental CL spectra extracted along taper shafts were summed over a width of 3 pixels (∼70 nm) in order to enhance the signals.

FDTD Simulations {#sec4.4}
----------------

A charge broadening scheme, as described elsewhere, was introduced to mimic the electron probe.^[@ref41]^ The whole simulation domain has been discretized by unit cells of 1.5 nm edge lengths. The electron trajectory has been fixed at 1.5 nm away from the surface of the taper. The total scattered electromagnetic fields were calculated by solving Maxwell's equations embedded with the experimentally measured dielectric functions of gold, fitted to a Drude term plus two critical point functions.^[@ref42]−[@ref44]^ The Poynting vectors at the six orthogonal planes normal to the ±*x*, ±*y*, and ±*z* axes were computed, respectively. CL spectra were calculated as an integral of the Poynting vectors along the −*x*, +*y*, −*y*, and +*z* directions in the *x* ≤ 0 domain. The power flow through the planes normal to the ±*x*, ±*y*, and ± *z* axes represents the electron-induced radiation, whereas the energy captured by the plane normal to the −*z* direction denotes the guided power propagating away from the apex.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsphotonics.9b00838](http://pubs.acs.org/doi/abs/10.1021/acsphotonics.9b00838).Comparison between the simulated CL spectra and the experimental EEL spectra of a 13° taper (S1), simulated CL spectra of a 13° taper without an apex (S2), momentum-resolved energy loss spectra of *m* = 0 and *m* = 1 modes on infinite gold fibers with different radii (S3) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b00838/suppl_file/ph9b00838_si_001.pdf))
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